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We propose and demonstrate wide-band capacitance measurements on a semiconductor 
double-quantum dot (DQD) to study tunneling dynamics. By applying phase-tunable 
high-frequency signals independently to the DQD and a nearby quantum-point-contact charge 
detector, we perform on-chip lock-in detection of the capacitance associated with the 
single-electron motion over a wide frequency range from hertz to a few ten gigahertz. 
Analyzing the phase and the frequency dependence of the signal allows us to extract the 
characteristic tunneling rates. We show that, by applying this technique to the interdot tunnel 
coupling regime, quantum capacitance reflecting the strength of the quantum-mechanical 
coupling can be measured. 
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Detection of individual charges in semiconductor quantum dots using a quantum point 
contact (QPC) as a sensitive mesoscopic sensor is now one of the key technologies in the field 
of quantum information processing with quantum dots. As first demonstrated in Ref. [1], the 
capacitive coupling between the QPC and the dots allows one to monitor the charge state of 
the dots by measuring the current flowing through the QPC. In addition to static charge 
detection, charge detection in the time domain is recently attracting strong interest. For 
example, real-time observation of single-electron motion, or single-electron counting, has also 
been demonstrated using a QPC charge detector [2]. Single-shot readout of a quantum bit 
(qubit), which is represented by a charge or spin in quantum dots, is also a recent attractive 
topic [3]. 
An alternative detection scheme is capacitance measurement. The capacitance of a 
quantum dot device can be described by a circuit consisting of tunnel capacitances and tunnel 
resistances [4], and thus the dot capacitance is sensitive to the single-electron transport [5]. 
Moreover, capacitance should be corrected by quantum mechanical tunneling [6] and many 
body corrections [7]. For a strongly coupled double quantum dot (DQD), the quantum 
capacitance is defined as the second derivative of the energy E with respect to the gate voltage 
VG, i.e., 22 / GQ dVEdC ≡  [6]. Therefore, capacitance measurement can be used to distinguish 
bonding and antibonding states of single-electron states or the singlet and triplet of 
two-electron states. In order to develop a readout device for qubits, the capacitance has to be 
measured at high frequency. 
In this Letter, we propose and demonstrate a new experimental technique to measure 
impedance (both resistance and capacitance) of semiconductor quantum dots in order to study 
tunneling dynamics. In contrast to the radio-frequency single-electron transistor (rf-SET) 
based technique with a resonator [8], we developed an on-chip lock-in technique for detecting 
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the capacitance component by applying two rf signals to the DQD and the QPC. This method 
eliminates the need for an auxiliary tank circuit, allowing us to study the tunneling dynamics 
over a wide frequency range from hertz to a few ten gigahertz. By analyzing the frequency 
dependence of the signal amplitude and phase, we are able to determine the tunneling rates. 
By applying this technique to the interdot tunneling regime, we observe capacitance signal 
strongly dependent on the interdot tunnel coupling, demonstrating the detection of quantum 
capacitance. 
Figure 1(a) schematically shows the device structure and the experimental setup. A 
DQD is formed in a two-dimensional electron gas at the interface of a GaAs/AlGaAs 
heterojunction by applying negative voltages to surface Schottky metal gates. A DQD and a 
QPC are formed in the upper and lower channels, respectively, which are electrically isolated 
from each other by a gate Viso between them. We use the gate voltages VUL and VUR to vary the 
electron number in the DQD and VUC to tune the strength of the interdot tunnel coupling. A 
QPC is defined by using VDR (with all other gates in the lower channel grounded) and is 
adjusted in the tunneling regime with the conductance at ~e2/h. In the capacitance 
measurements, we measure temporally averaged current <IQPC> flowing through the QPC. 
The rf signals VDQD(t) and VQPC(t) with an operating frequency fop and a relative phase 
difference θ are applied to the DQD and the QPC, respectively. Unless otherwise specified, 
the phase is fixed at θ = 0. While some measurements were carried out with sinusoidal waves, 
square waves were used to highlight the non-equilibrium effects. Here, we introduce the 
principle of the capacitance measurement, focusing on the tunneling across the right barrier to 
neglect the quantum capacitance as schematically shown in Fig. 1(b). The modulation of the 
right dot potential with a square wave VDQD(t) induces a single-electron tunneling off (the 
upper panel) and in (the lower panel) the dot across the barrier, resulting in charge modulation 
in the right dot. The tunneling events are stochastically delayed with the inverse of the 
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tunneling rate Γ-1. The ensemble response <∆QQDR(t)> therefore has a finite rise time as 
shown in the lower panel of Fig. 1(c). The amplitude and phase of the signal depend on the 
ratio between the repetition time Trep(=1/ fop) and Γ-1. Since the QPC is capacitively coupled to 
the dot, ∆QQDR(t) modulates the conductance of the QPC, i.e., GQPC(t) ∝ ∆QQDR(t). By 
applying another rf signal VQPC(t) to the source electrode of the QPC, we obtain averaged 
current <IQPC> expressed as <IQPC>= <GQPC(t)VQPC(t)>∝ <∆QQDR(t)VDQD(t)>. The dc current 
is proportional to the capacitance (conductance) when the phase difference θ is set at 0 (π/2). 
Such on-chip lock-in detection should work for a wide frequency range as demonstrated 
below.  
The experimental results for the dot-lead tunneling are shown in Figs. 1(d) and (e). 
Here, VUR is swept to change the electron number NR in the right dot while keeping that in the 
left dot constant. Figure 1(d) shows the conventional charge detection, where IQPC measured 
with a dc bias Vsd-QPC = 0.7 mV is plotted as a function of VUR. As in previous reports [1], IQPC 
jumps each time NR changes by one. The result of a capacitance measurement, which was 
carried out separately with ac voltages (VDQD = 0.34 mV and VQPC = 0.56 mV) and Vsd-QPC = 0 
V, is shown in Fig. 1(e), where <IQPC> taken at fop = 1 kHz is plotted. Peaks (labeled I to III) 
appear in <IQPC> at voltages corresponding to the jumps in IQPC, indicating that they are 
associated with the charge boundaries of the DQD. These peaks are superimposed on a 
constant background δICB. As we show later, this constant background originates from the 
direct capacitive coupling between the QPC and the drain electrode to which the square waves 
are applied. Note that the height of the peak δIpeak is almost constant (except for the one 
marked with an asterisk [10]), which is reasonable because the spatial configuration of the dot 
and hence the geometrical capacitance are almost independent of VUR.  
Figure 2(a) shows the evolution of the <IQPC> trace with the frequency fop. As fop is 
increased, peaks I, II, and III become smaller. Figure 2(b) shows δIpeak of peaks I to IV as a 
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function of fop, where we plot the value of δIpeak. When fop exceeds the tunneling rate Γ, the 
probability of an electron tunneling within the given period of time 1/fop reduces and so the 
signal δIpeak decreases as fitted by the solid lines in Fig. 2(b) [9]. From the fitting, Γ-1 of peak 
I, II, and III is estimated to be 40, 3, and 0.4 nsec, respectively. On the other hand, δIpeak of 
peak IV remains almost constant up to the highest frequency in Fig. 2(b), indicating that Γ-1 is 
much higher. In this way, the on-chip lock-in measurement is successful for a wide frequency 
range up to 15 GHz, which can be extended by improving the low-temperature coaxial cables.  
The correlation between the charge response and the reference signal can be elaborated 
by analyzing the signal at various phases. Figures 2(c) and (d) compare the phase evolution of 
the background  δICB and the peak height δIpeak measured at different fop. The background has 
a triangular dependence on θ, which is the correlation function of two identical square waves. 
This means that the response of δICB is instantaneous, which confirms that it originates from 
the direct capacitive coupling between the QPC and the electrode for VDQD. In contrast, the 
peak signal [Fig. 2(d)] is significantly distorted with increasing fop. The δIpeak shows not only 
a decrease in peak amplitude but also a phase delay (indicated by arrows in the figure). As 
already discussed, the decrease in peak amplitude and the phase delay comes from the ratio 
between Trep and Γ−1 as illustrated in Fig. 1(c). The solid lines in Fig. 2(d) indicate the <IQPC> 
calculated for each fop using the same time constant, Γ-1 = 40 nsec, obtained above by fitting 
the frequency-dependent data at θ = 0 [Fig. 2(b)]. The good agreement attests to the 
consistency and validity of our analysis.  
The capacitance measurement can be used to identify the excited states of a quantum 
dot. The peaks in Figs. 1(e) and 2(a) are broad with a flat top. The peak width is proportional 
to VDQD, and some excited states of the dot may contribute a tunneling event with different Γ. 
Actually, some peaks show step-like features at the intermediate frequencies as indicated by 
arrows in Fig. 2(a). By using a similar frequency and phase analysis, we can extract individual 
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Γ values for the GS and ES. Here, we note that the estimated Γ-1 in Fig. 2(b) corresponds to 
that of the GS of each peak. 
Now we investigate the capacitance for the interdot tunneling. As shown in Fig. 3(a), 
when VUL ands VUR are varied with VUC = -0.2 V, the capacitance signal displays a stability 
diagram which is formed by a honeycomb-shaped structure characteristic of a DQD in the 
weak-coupling regime [4]. The honeycomb structure consists of three types of charge 
boundaries between the charge states (NL, NR) ↔ (NL, NR ± 1), (NL, NR) ↔ (NL±1, NR), and 
(NL, NR) ↔ (NLm 1, NR ± 1) which are marked ‘A’, ‘B’, and ‘C’, respectively, in the figure. 
The data demonstrate that capacitance signals appear not only for dot-lead tunneling but also 
for interdot tunneling (C). A closer examination of the data further reveal that the signals 
associated with right-dot-right-lead tunneling (A) appear as peaks, whereas those associated 
with left-dot-left-lead tunneling (B) and interdot tunneling (C) appear as dips. Note that the 
polarity of the capacitance signals reflects the relative location of the QPC and the dot. That is, 
the capacitance signal becomes positive (negative) if the conductance of the QPC is enhanced 
(reduced) by the tunneling. Notably, in the region where both VUR and VUL are largely 
negative (encircled by the dashed line in the figure), only signals due to interdot tunneling are 
visible, with all other lines defining the honeycomb structure almost vanishing. This happens 
because in this region the tunnel coupling with leads is so weak that dot-lead tunneling hardly 
takes place within the given period of time, 1/fop. It is also worth emphasizing that the interdot 
tunneling is detectable even though the dots are well-isolated from the leads and no charge 
transfer on or off the DQD takes place. 
Figure 3(c) shows the variation of the capacitance dip due to interdot tunneling with 
VUC. The data are plotted as a function of the bias offset ε between the dots. (The sweep 
direction of ε is shown in Fig. 3(a).) As the interdot coupling is strengthened by making VUC 
less negative, the dip becomes broader and smaller. At VUC = -0.18 V, the dip is so broad 
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because of strong delocalization of the charge over both dots, and the corresponding 
honeycomb diagram is shown in Fig. 3(b). These results suggest that the size and the width of 
the dip reflect the strength of the quantum mechanical coupling. 
Figure 3(d) schematically shows the variations of the bonding- and antibonding-state 
energies, EB and EA, respectively, (upper panel) and the charge displacement of the ground 
state (middle panel) expected as ε is changed. The charge displacement, which can be 
measured in the conventional transport measurements, corresponds to the first derivative of 
EB with respect to ε, and the slope of the curve is determined by the tunnel coupling energy 
ttunnel [11]. In contrast, in our measurement, the capacitance dip represents the second 
derivatives of EB with respect to ε. Therefore, the depth of the dip indicates the quantum 
capacitance CQ given by 22 / εdEdCQ ≡  [6] and its width representing the tunnel coupling 
energy. Figure 3(e) shows the full width at half maximum (FWHM) of the dip as a function of 
VUC. For VUC > -0.21 V, the width rapidly increases with VUC, indicating the capacitance signal 
is governed by CQ and the dip width represents ttunnel. The exponential function on VUC is 
consistent with the previous reports for gate-defined tunneling barriers [8]. For VUC < -0.21 V, 
on the other hand, the width saturates at ~36 µeV. The minimum width may be limited by the 
large excitation voltages VDQD and VQPC used here (0.1 and 0.56 meV, respectively). The 
successful measurement of quantum capacitance can be used to measure the tunneling 
coupling as well as to develop a qubit detector.  
In summary, we have studied the tunneling dynamics in a DQD using wide-band 
capacitance measurements. In the interdot tunnel coupling regime, the quantum capacitance 
reflecting the strength of quantum-mechanical coupling is measured. This technique can also 
be used to distinguish the spin as well as charge states of a DQD, since the energy E of the 
singlet and triplet states of a two-electron system have different dispersion as a function of ε 
 8
[12]. 
This work was supported by the SCOPE from the Ministry of Internal Affairs and 
Communications of Japan. 
 9
[References] 
1 M. Field, C.G. Smith, M. Pepper, D.A. Ritchie, J.E.F. Frost, G.A.C. Jones, and D.G. Hasko, 
Phys. Rev. Lett. 70, 1311 (1993). 
2 T. Fujisawa, T. Hayashi, R. Tomita, and Y. Hirayama, Science 312, 1634 (2006). 
3 C. Barthel, D.J. Reilly, C.M. Marcus, M.P. Hanson, and A.C. Gossard, e-print arXiv: 
condmat /0902.0227v1. 
4 W.G. van der Wiel, S. De Franceschi, J.M. Elzerman, T. Fujisawa, S. Tarucha, and L.P. 
Kouwenhoven, Rev. Mod. Phys. 75, 1 (2003). 
5 R.C. Ashoori, H.L. Stormer, J.S. Weiner, L.N. Pfeiffer, K.W. Baldwin, and K.W. West, 
Phys. Rev. Lett. 71, 613 (1993). 
6 T. Duty, G. Johansson, K. Bladh, D. Gunnarsson, C. Wilson, and P. Delsing, Phys. Rev. Lett. 
95, 206807 (2005). 
7 S. Ilani, L.A.K. Donev, M.Kindermann, and P.L. McEuen, Nature Phys. 2, 687 (2006). 
8 H.D. Cheong, T. Fujisawa, T. Hayashi, and Y. Hirayama, Appl. Phys. Lett. 81, 3257(2002). 
9 Separate measurements checking the response to different gates (data not shown) confirm 
that the peak marked with an asterisk comes from another, unintentionally formed, local 
potential minimum. 
10 T. Hayashi, T. Fujisawa, R. Tomita, and Y. Hirayama, Jpn J. Appl. Phys. 45, 3629 (2006). 
11 L.DiCarlo, H.J. Lynch, A.C. Johnson, L.I. Childress, K. Crockett, C.M. Marcus, M.P. 
Hanson, and A.C. Gossard, Phys. Rev. Lett. 92, 226801 (2004). 
12 J.R. Petta, A.C. Johnson, J.M. Taylor, E.A. Laird, A. Yacoby, M.D. Lukin, C.M. Marcus, 
M.P. Hanson, and A.C. Gossard, Science 309, 2180 (2005). 
 10
[Figure captions] 
 
[Figure 1] 
(a) Schematic illustration of the experimental setup. The measurements were performed at 
zero external magnetic field with the device cooled in a dilution refrigerator to an electron 
temperature of 130 mK. (b) Energy diagrams of the dot and the lead when the applied VDQD is 
high (upper) and low (lower). (c) Schematic of shape of VDQD (upper) and the response of 
∆QQDR (lower). Trep and Γ is the repetition time and the tunneling rate, respectively. (d) IQPC as 
a function of VUR with Vsd-DQD = 0.5 mV and Vsd-QPC = 0.7 mV. NR indicates electron number 
in the right dot. VUC and VUL are fixed at -0.25 and -0.2 V, respectively. (e) <IQPC> as a 
function of VUR at fop =1 kHz. The amplitudes of pulse voltages VDQD and VQPC are 0.34 and 
0.56 mV, respectively. The peak marked with an asterisk comes from another local potential 
minimum. 
 
[Figure 2] 
(a) <IQPC> as a function of VUR at several fop with VDQD=0.44 mV and VQPC=0.56 mV. The 
peak marked with an asterisk comes from another local potential minimum. (b) δIpeak as a 
function of fop. The solid lines indicate numerically calculated ones, and the dashed line is a 
guide for the eyes. (c) δICB  as a function of θ at several fop with VDQD=0.44 mV and VQPC=0.56 
mV. (d) GS of δIpeak as a function of θ  for peak I. The arrows show the minimum points. 
 
[Figure 3] 
(a) <IQPC> as a function of VUL and VUR at VUC=-0.2 V, fop =1 kHz, VDQD = 0.1 mV, and 
VQPC=0.56 mV. Lines A to C indicate the border of the honeycomb structure. The region 
circled by the dashed line is described in the text. (b) Similar <IQPC> as a function of VUL and 
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VUR at VUC=-0.18 V. (c) <IQPC> as a function of the bias offset ε at several VUC. (d) Schematic 
energy diagram as a function of the bias offset ε. EA, EB, ER, and EL correspond to the energy 
states of the antibonding, bonding, right-dot, and left-dot, respectively. The direction of the 
gate sweep ε is defined as shown in Fig. 3(a). (e) The full width at half maximum (FWHM) of 
the dip as a function of VUC. The dashed line indicates the fitted linear line. 
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